Several articulatory strategies are available during the production of /u/, all resulting in a similar acoustic output. /u/ has two main constrictions, at the velum and at the lips. A perturbation of either constriction can be compensated at the other one, e.g wider constriction at the velum by more lip protrusion, wider lip opening by more tongue retraction. This study investigates whether speakers use this relation under perturbation. Six speakers were provided with palatal prostheses which were worn for two weeks. Speakers were instructed to make a serious attempt to produce normal speech. Their speech was recorded via EMA and acoustics several times over the adaptation period. Formant values of /u/-productions were measured. Velar constriction width and lip protrusion were estimated. For four speakers a correlation between constriction width and lip protrusion was found. A negative correlation between lip protrusion and F1 or F2 could sometimes be observed, but no correlation occurred between constriction size and either of the formants. The results show that under perturbation speakers use motor equivalent strategies in order to adapt. The correlation between constriction size and lip protrusion is stronger than in studies investigating unperturbed speech. This could be because under perturbation speakers are inclined to try out several strategies in order to reach the acoustic target and the co-variability might thus be greater.
Introduction
Some sounds such as rounded back vowels or the American English /r/ allow for several possibilities to produce them. In rounded back vowels, for example, speakers can vary lip protrusion, lip opening, larynx height and tongue height in dependence on each other. Several vocal tract configurations can thus lead to the same acoustic output. Lowering the larynx, for example, lowers the formants. This effect can also be reached by protruding the lips. Similarly, raising and retracting the tongue leads to a lower first and second formant, which can be compensated for by less lip protrusion. "Rounded" back vowels can even be produced with open lips and no rounding at all when the velar constriction is retracted.
To give another example, the American English /r/ can be produced with a bunched tongue shape or a retroflex tongue. Both ways to articulate the sound result in similar acoustic outputs (e.g. (2) , (9) , but see (1) for slight acoustic differences).
Different articulatory strategies which lead to the same acoustic output, as the ones discussed for rounded back vowels and /r/ are called motor equivalent strategies. A number of studies show that speakers in fact use these motor equivalent strategies in their speech. The study presented in (3) shows that during several productions of /u/ speakers vary in their application of tongue position and lip rounding. Three of the four speakers presented in this study moved the tongue to a higher and more retracted position when they had little lip protrusion. When they had more lip protrusion they produced a wider constriction by lowering and fronting the tongue. The acoustic output of all these productions was similar.
The study presented in (3), however, shows a problem when investigating motor equivalent strategies: Even if there are clear interspeaker differences in the way speakers produce /u/, the effect is normally not as obvious within a speaker. Speakers seem to have a preference for a certain lip protrusion in /u/. Similarly, investigating /r/ one often finds speakers using a bunched OR a retroflex strategy exclusively, or one finds speakers alternating between the two according to context (cf. (2)). A reason for the fact that different strategies can often only be observed across speakers or at least across contexts, but hardly ever within a given speaker and context might be that speakers are used to a certain articulatory strategy involving little articulatory effort in a given context.
Perturbation experiments have shown that if one forces speakers to explore other articulatory possibilities by confronting them to a perturbation, the articulatory changes carried out in order to keep the acoustic output constant can be quite remarkable even if the context is not changed. For example, in the perturbation experiment presented in (6) and (7) speakers' lips were hold open and speakers were asked to produce the vowel /u/ which is usually rounded in unperturbed speech. Some of the speakers managed to do so by retracting the constriction.
To give another example, results presented in (8) for a short term experiment on North American English /r/, where speakers vocal tract shape was changed by a palatal prosthesis, show that some speakers who used to have bunched tongue shapes switched to retroflex shapes under perturbation.
Thus, speech perturbation seems to be a useful means to explore motor equivalent strategies. The study presented here shows results of a long term perturbation experiment where speakers' palate shape was changed in a similar way as it was done in (8) . The articulation of /u/ was investigated. As in the two perturbation experiments discussed above speakers in our experiment were thus encouraged to use other strategies leading to the same acoustic result, either because the old strategy did no longer lead to the correct result or because it involved too much articulatory effort.
Our hypothesis was that being confronted with a palatal prosthesis lowering the palate speakers should at first lower their tongue in order to keep the same constriction size. The degree of lip protrusion should stay about the same. Later they might notice that the acoustic output does not match with the one they used to have in the unperturbed condition, or they might look for a strategy involving less articulatory effort. Thus, they should use different degrees of lip protrusion and vary the constriction size correspondingly. Over sessions one should therefore find a positive correlation between lip protrusion and constriction size. Furthermore, if speakers make efficient use of motor equivalence, no correlation between either of the two articulatory parameters and one of the formants should be found.
Methods
A two-week perturbation experiment was carried out with six German speakers. Their articulation was perturbed by a palatal prosthesis. There were two types of prostheses, the first one moved the alveolar ridge posteriorily ("alveolar palate"), the second one made the palate flatter and lower by filling out the palatal arc ("central palate"). The thickness of the palates differed from speaker to speaker and depended on the anatomical conditions of the speaker. However, they all had a maximal thickness of around 1 cm. Four speakers (A1 to A4) were recorded with an alveolar prosthesis and two (C1 and C2) with a central prosthesis. Speakers were asked to wear the prosthesis all day for two weeks and to make a serious effort to improve their speech.
Speakers' articulator movements and the resulting acoustic signal were recorded via electromagnetic articulography. Four speakers were recorded with the AG 100 at the ZAS Berlin and two speakers were recorded with the AG 500 at the IPS Munich. On the first day of the experiment three different sessions were recorded. First, speakers were recorded without the prosthesis (session nopert, meaning "no perturbation") in order to record their habitual articulation. In the second session, the artificial palate was inserted and speakers' auditory feedback was masked with white noise (session wnpert, "white noise -perturbed"). In the third session speakers were recorded with auditory feedback available (session pert, "perturbed"). After one week adaptation time speakers returned to the laboratory and were recorded with the prosthesis in place (session 1wpert, "one week, perturbed"). A final perturbed session was recorded after two weeks (session 2wpert, "two weeks, perturbed"). Then speakers removed the prosthesis and were recorded with their normal vocal tract shape (session 2wnopert, "two weeks, no perturbation") in order to investigate possible after effects.
Since the experimental setup, especially for the first session, is extremely complex and difficult to coordinate the session with auditory feedback masking (wnpert) was left out for one speaker who was recorded towards the beginning of the study (speaker A2).
Eight sensor coils were attached to the subject. Three were glued to the tongue, one around a centimeter behind the tongue tip, one at the part opposite the border between hard and soft palate and the third one in the middle between these two. Another sensor was placed below the lower incisors in order to track jaw movements. In order to record lip movements, two further sensors were glued to the upper and the lower lip. Two sensors at the upper incisors and the bridge of the nose served as reference sensors to compensate for head movements.
Since the sensors had to be glued to the articulators anew on each recording day, the positions of the tongue sensors differed slightly for different recording days. Whereas it was easy to find approximately the same place for the sensor at for example the lower incisors (midsagittaly below the incisors), it was hard to find landmarks on the tongue which could serve as points of orientation for finding the same position in a further recording. Photos of the tongue with the sensors on it were taken and the distance between the sensors was measured, in order to find the positions again, however, this method turned out to be not completely satisfactory.
After the recording a number of preprocessing steps were carried out which included correction algorithms for head movement, filtering of the data, rotation and translation of the position data and synchronisation with the acoustic data. The acoustic data were downsampled to 24 kHz.
The target vowel /u/ was recorded in the nonsense word /'tu:ta/ which was embedded in the carrier phrase Ich sah ... an. (I looked at ...). The sentences were in general repeated 20 times per session in randomised order with other items. Thus, over sessions around 120 productions of /u/ were recorded.
As a first analysis step an acoustic segmentation of the material was carried out. /u/ was segmented from the onset of the second formant to the offset of the second formant. These segmentations were later used in order to carry out semiautomatic formant measurements of F1 and F2 in each /u/-production. In these measurements the formants were at first calculated fully automatically by just adapting the LPC order according to the sex of the speaker. Afterwards, the measurements were corrected manually by determining the frequency ranges for each formant in each production and calculating formants for these ranges. Measuring the formants of one speaker (A4) turned out to be problematic since she had a rather breathy voice.
Lip protrusion was measured by calculating the difference in the horizontal dimension between the upper lip sensor and the upper incisor sensor at the middle of the interval for which the formants had been measured. By doing this it was assumed that the upper incisor sensor and the upper lip sensor were glued in about the same location on different recording days, which seemed to be basically true.
The constriction size was measured as the shortest Euclidean distance between the palate and the tongue. In order to carry out this measurement, the palatal contour for each session was estimated by plotting all positional data of the complete speech material recorded in the session. Then the palatal contour was estimated at the upper border of these tongue positions. In order to estimate the tongue contour, spline functions going through the three tongue sensors were calculated at the acoustic target position. A comparison of the position of just the tongue back sensor (as was done in (3)) was not possible since the sensor position on the tongue varied between different experimental sessions. Afterwards, the constriction size was estimated as the smallest Euclidean distance between tongue contour and palate contour.
Bivariate Pearson correlations for the four parame-ters (F1, F2, lip protrusion and constriction size) were calculated with SPSS 15.0.
Results
At first the results for the formant measurements will be discussed. Afterwards, results of the measurements of the articulatory parameters will be presented. In section 3.3 the results of the correlation measurements can be found. Section 3.4 deals with articulatory parameters measured within a single session. Section 3.5 discusses the development across sessions.
3.1 Acoustic parameters: F1 and F2 Figure 1 shows mean values of F1 (upper subplot) and F2 (lower subplot) for each session (abscissa). Different line styles and grey shades represent different speakers. The speakers are given either on the left or on the right of each graph in the same height and in the same colour as the graph. If one looks at sessions unpert, wnpert and pert first, one can see that both formants deviate somewhat in the session when no auditory feedback is there (wnpert) as compared to the unperturbed session. In the session thereafter (pert), however, the speakers regain the original values. 1 An exception is speaker A1 with more deviation in F1 in session pert than wnpert. In the later sessions the speakers do not stay with these values measured for session pert but the values vary in a rather inconsistent manner. The values reached in the last perturbed session (2wpert), which presents the end of the practice period and should therefore give the "best possible" adaptation, are not more similar to the original values than the ones already measured in session pert.
Repeated measures ANOVAs for data split by speaker showed a significant influence of the session on both formants except for the second formant of speaker C2. However, even if the influence is significant, it might not be perceptually relevant.
2 In general, the variation over sessions within a speaker (about 100 Hz around the F1 of the initial session and about 250 Hz around the F2 of the initial session) is much lower than the variation across speakers. Furthermore, the variation in F1 is not much higher than the "compensation threshold" of 60 Hz found in a study by Purcell & Munhall (4) and 64 Hz in a later study (5) . An exception is speaker A4 with large deviations in both F1 and F2. However, an alternative explanation for the inconsistent results could be the measurement problems for this speaker discussed above.
Lip protrusion and constriction size
Before discussing the results of the articulatory parameters two problems which arose during the analysis will be described. First, for one speaker (A4) the data of the upper lip sensor were unreliable in the sessions recorded on the first day, so these data could 1 This cannot be seen for speaker A2 of course since there was no session wnpert.
2 This is being tested at the moment. not be used for further analysis and they are missing in the figure below as well as in the calculation of the correlation.
The second problem was that sometimes the constriction size could not be measured because it was in the velar region. For one speaker (C2) the constriction was in all the sessions so far in the velar region that the palatal contour above the tongue could not be estimated with certainty and the constriction size could consequently not be measured either. The data for this speaker are therefore missing in the figure below. A similar problem occurred for speaker A4, but only in one session, session 1wpert. In all the other sessions the constriction was in the palatal region. For this speaker constriction size was measured normally for all the sessions except 1wpert. For the problematic session the most retracted measureable point at the end of the hard palate was taken as constriction location. Looking at the upper subplot showing lip protrusion one can see that it varies over session. It is difficult to find a tendency for all speakers. Whereas speakers A1 (black solid line) and A2 (dark grey solid line) in general increase lip protrusion until the end of the adaptation time (session 2wpert), speaker C1 (light grey solid) rather has an oscillating pattern (increase -decrease -increase). The other speakers keep the degree of lip protrusion about equal.
Looking at the constriction size (lower subplot) one can see that there is indeed a measurement problem for speaker A4 (dark grey dotted) in session 1wpert where the constriction was assumed to be behind the end of the hard palate. Probably it was not the constriction which was measured here but a point in front of the constriction so that the distance measured is too large. Apart from this one problematic case, the constriction sizes go parallel with the results for lip protrusion: There is an increase in lip protrusion for speakers A1 (black solid) and A2 (dark grey solid) and an increase-decrease-increase pattern for speaker C1. Repeated measures ANOVAs showed that the influence of the session on both parameters is significant.
Correlations
Results were gained for five speakers (all except C2 because no constriction could be measured). For four speakers significant correlations for at least one of the parameter pairs could be found. For speaker A4 no significant correlations could be found. This can be assumed to be due to methodological problems (one sensor missing in the three first sessions, difficulties while measuring formants). Table 1 gives the results of the correlations between lip protrusion, constriction size and the two acoustic parameters for the four remaining speakers. The first line gives the speaker, the second line shows the correlation coefficients for the correlation between lip protrusion and constriction size. If speakers use motor equivalent strategies this correlation should be positive: For more lip protrusion the constriction should be larger. The other lines give the correlations of the two articulatory parameters with F1 and F2. If speakers use motor equivalent strategies effectively in order to keep the acoustic output constant, there should be no correlations between the articulatory and the acoustic parameters.
A significant positive correlation between lip protrusion and constriction size could be found for four speakers. For three speakers (A1, A2 and A3) there are also significant correlations between lip protrusion and one or both of the formants. These could be seen as cases of ineffective compensation: Either there is too much lip protrusion or a too narrow constriction. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.
Relation within a session
has more lip protrusion it also has a wider constriction. Numbers represent different sessions in chronological order. The figure is meant to illustrate something which could be seen for all the four speakers: Within single sessions the correlation between the parameters either does not exist or it is weaker or it is even negative. For the speaker shown here a positive correlation exists for session 4 (1wpert) but for example not for session 1 (nopert). For session 5 (2wpert) there is a clear negative correlation. The reasons for this result are so far not entirely clear. It is possible that the measuring accuracy of our method which can, for constriction size be assumed to be around 1 mm is too low in order to see a relation within a session. The correlation between lip protrusion and constriction size might be blurred when both parameters change only little (as they do within a session) but it might become clear when they change more (as is the case across sessions).
The fact that the parameters change more across sessions than within sessions shows in any case that within each session the speaker has a preferred strategy: a preferred constriction size and a preferred degree of lip protrusion. In session unpert ('1'), for example the lips are only slightly protruded and the constriction is rather small. In the last perturbed session ('5') there is a lot of lip protrusion, and the constriction is larger.
Development across sessions
There is an initial increase in constriction size in session wnpert as compared to session unpert (cf. figure  2, lower subplot) . This could be because the speakers try to avoid having too much linguo-palatal contact and to thus produce a fricative rather than a vowel. Some of the speakers compensate for this lower tongue position by more lip protrusion even in the initial perturbed session. Afterwards, with some practice, speakers try out different strategies by varying both lip protrusion and constriction size. The development over sessions is quite individual and might be due to speaker specific morphological differences which lead to preferences for certain strategies.
Conclusion
This study has dealt with motor equivalent strategies in /u/. The results show that for all speakers for whom there were no methodological problems motor equivalent strategies could be found. Speakers vary the tongue position and in order to compensate for that they produce more or less lip protrusion. However, the compensation is not complete: For three of the four speakers there is a negative correlation between one of the articulatory parameters and one or even both of the acoustic parameters. The constriction is thus too small, or there is too much lip protrusion in order to keep the acoustic output completely stable. An alternative explanation for the negative correlations between one of the articulatory parameters and the acoustic parameters could be that other articulatory parameters are changed in order to keep the acoustic output constant. As discussed above, the lip opening area, for example, can vary in dependence on the constriction location. Neither of these additional parameters has been investigated here.
The correlations found here are a little stronger (higher correlation coefficients) than the ones presented in (3) . A reason for that could be that, in contrast to this earlier study, in the present study the speakers are confronted with a perturbation. They are thus more inclined to try out several articulatory strategies. Judging from the sensor plots presented in (3), lip protrusion in all cases varies considerably less than a centimetre. The ranges for the speakers presented here are between 7 and 12 mm.
